The functional residual capacity (FRC) and airway resistance (R aw ) of the rat were measured, using a newly designed body plethysmograph (BPG), the inner environment of which was maintained at body temperature and was water-vapor saturated. The subjects were anesthetized and tracheally intubated male Wistar rats (n = 15). After measuring the FRC and R aw , we analyzed the effects of inhaled methacholine (Mch, 0-8 mg/ml) on R aw .The determined FRC was 5.37 ± 0.22 ml (mean ± SE). An almost linear relationship between box pressure and respiratory flow was obtained when the difference between box-gas temperature and the rectal temperature of the rat was less than 1.0°C. The R aw at FRC was 0.230 ± 0.017 cmH 2 O/ml/s. It increased proportionally with increases in the Mch concentration. When the dynamic changes in R aw were analyzed, the R aw was found to progressively increase during expiration; this increase continued throughout inspiration. Thus in the rat, R aw is not simply a function of changes in lung volume. In conclusion, the humidity-and temperature-adjusted BPG provided an absolute and possibly dynamic value of R aw .
The prevalence of obstructive airway diseases, such as chronic obstructive pulmonary diseases and bronchial asthma, is increasing worldwide [1, 2] . Among the numerous physiological parameters that characterize these diseases, static lung compliance, lung volume subdivisions, and airway resistance (R aw ) may be the most important. Recently, small animals have increasingly been used for experimental studies of pulmonary diseases [3] [4] [5] [6] . Bates and Irvin described in their review of lung function in mice [7] that most of the pulmonary function tests on small animals lie on a continuum between natural physiological conditions (i.e., noninvasiveness) and extremely controlled conditions (i.e., high precision). Bodyplethysmography (BPG) may be one of the candidates for less invasive studies on small animals because it has been used in clinical pulmonary function tests on infants [8] . BPG measures thoracic gas volume and R aw with high precision [9] .
The functional residual capacity (FRC), the representative lung volume subdivision, of small animals has been measured in several studies, using BPG as an in vivo study [10, 11] . In these studies, care was taken to adjust for changes in the temperature of the BPG. Although BPG can measure R aw , it has rarely been applied to determine R aw in animal studies [12] , presumably because of the difficulty of directing panting maneuvers, i.e., voluntary rapid and shallow breathing [13] . If the temperature and humidity of inspired gas are equivalent to that of the expired gas, no panting maneuver is necessary for the determination of R aw . Recent advances in electronic technology have enabled the rapid and precise control of humidity and temperature in a small experimental environment [14] . In this study, we designed a BPG system in which the inner conditions were maintained at BTPS (body temperature, atmospheric pressure, and water vapor saturated). The present BPG system may render the requirements of correction for box temperature and panting maneuvers unnecessary.
SUBJECTS AND METHODS

Bodyplethysmograph.
The BPG was constructed as a semi-wedge-shaped box (width, 12.5 cm; length, 38.5 cm; front height, 10.0 cm; rear height, 12.5 cm) (Fig. 1) . The capacity of the BPG was measured by filling it with water and was found to be 1950 ml. Its shell consisted of 2 layers. The outer layer was made of acryl plating (5.0 mm thick), and the inner layer was made of brass plating (0.8 mm thick). The space between the two layers (~10 mm) was maintained by the strategic placement of aluminum plates, creating several channels for the water current. Warm or cold water (~1,800 ml) was circulated through the channels. A heat exchanger made of semiconductor elements (240 watts) and fans was placed at the bottom of the device. It maintained the circulating water at a desirable temperature. An ultrasonic humidifier fixed at the bottom of the BPG maintained humidity in the box at >90%. Four small fans stirred the gas in the BPG. A pneumotachograph (Nihon Kohden TB-611, Tokyo, Japan: guaranteed linear range from -20 to +20 ml·s -1 ) placed at the front end of the BPG measured the rat's respiratory flow ( ) and volume (V). A hygrometer and a thermocouple placed between the pneumotachograph and the front fan continuously measured humidity (H box ) and temperature (T box ) inside the BPG. The pneumotachograph was connected to a shutter system made of a 5.0 mm OD rubber tube and a 3.0 mm OD copper tube. Airway closure without gas leakage was achieved by the occlusion of the rubber tube with a solenoid system. The copper tube of the shutter system was connected to the rat's tracheal tube. The pressure in this tube was continuously measured as airway pressure (P aw ). The fans were turned off just prior to measurement. Pressure in the box (P box ) was also measured continuously. The rat's rectal temperature was measured with a thermocouple (T rat ). To equalize the temperature inside the box, 50-g copper wires (0.1-mm OD) were placed in the box. The signals of , V, P aw , and P box were continuously monitored on a computer screen.
Subjects. The subjects were 15 male Wistar rats that were 12-18 weeks of age (weight, 279 ± 5 g; mean ± SE). After a pentobarbital i.p. injection (0.05 mg/g), a tracheal intubation with a plastic tube (2.1-mm OD) was performed. The rats were then placed in a supine position in the BPG, and the tracheal tube was connected to the pneumotachograph. We chose the supine position instead of the prone position because it will allow any surgical procedure in future studies.
Protocols. First, each rat's FRC and R aw were measured. Six rats were then administered inhalational methacholine in one of four concentrations (0, 2, 4,or 8 mg/ml). It was dissolved in 10 ml saline, and the solution was vaporized by using another ultrasonic nebulizer (Soniclizer 205, Atom, Tokyo, Japan). For this procedure, the entire body of the rat was exposed to a methacholine mist for approximately 2 min during each period of exposure. The protocol was approved by the Animal Ethics Committee of the Tokai University School of Medicine.
Analyses. The retrieved data was analyzed and stored by use of a Power Lab computer system (AD Instruments, Sydney, Australia). The principles of the BPG method are based on Boyle's law. When the rat in the BPG is breathing against the closed shutter, the pressure swing in the chamber represents the thoracic gas volume changes. According to Boyle's law, the thoracic gas volume at the moment of shutter closure is given by the atmospheric pressure multiplied by "changes in thoracic gas volume/ changes in airway pressure."
For example, the FRC was calculated from the P aw against the P box curve measured after shutter closing at the level of FRC. Thus the FRC was calculated by using the following equation [9] :
where V box represents the capacity of the BPG. Figure 2 shows an example of the P aw vs. P box relationship during airway closure at the FRC. A linear relationship was observed between changes in P aw and P box . We drew asymptotes at FRC, and they represented (∆V box / ∆P aw ). Fig. 1 . The bodyplethysmograph is made of two parts, a bath and a lid. Its wall has 2 layers, and water was circulated through the space between them. A heat exchanger (heat-ex) maintained the water at the desired temperature. An ultrasonic humidifier (USN) maintained the humidity in the box at >90%. Four small fans stirred the gas in the box. A pneumotachograph was connected to a shutter system, which was driven by a solenoid. Box pressure (Pbox) and mouth pressure (Paw) were continuously measured. Air in the box can be ventilated through the inlet (in) and outlet (out). When the rat in the BPG is breathing without airway closure, Ohm's law (circuit resistance = driving pressure/ flow) provides airway resistance if the alveolar pressure is estimated. Thus the R aw was calculated from the P box against the flow curve during spontaneous breathing. Since the airway was open, a pressure swing in the chamber represents compression and expansion of the thoracic gas by respiratory motion. This means that changes in alveolar pressure is proportional to changes in chamber pressure.
V · V ·
Our BPG estimated alveolar pressure at each lung volume by using the following equation: P alv = P box × (gas volume in the BPG)/(lung volume).
We assumed that P box was equal to the current atmospheric pressure.
To yield R aw , the resistance of the pneumotachometer (2.9 Pa·s·ml -1 ) was subtracted from the slope. Thus the following equation gave R aw :
For R aw calculation, we again drew asymptotes on P alv vs. the curve at FRC. When the relationship between P box vs. the curve was not linear, the slope at FRC was assumed to be the representative value.
RESULTS
Characteristics of the BPG
When 10 ml of air were rapidly injected in the BPG, P box initially increased steeply and then decayed according to an exponential curve (time constant, ~9.5 s).
FRC and R aw
The mean of the FRC, measured in 15 rats, was 5.37 ± 0.22 ml (mean ± SE). Figure 3 shows the effects of T box on the shape of P box vs. relationship. In the left panel, when T box was 1.0°C lower than the T rat , the loop was elliptic. When it was almost equivalent to T rat (right panel), the loop approached linear dimensions. Although the results are not shown in Fig. 3 , when T box was higher than T rat , the loop was shaped as the symbol for infinity. The R aw determined by the study of 15 rats at FRC was 22.5 ± 1.7 Pa·s·ml -1 . Figure 4 depicts the representative changes in the "transient R aw ," i.e., P alv / , throughout the respiratory cycle. The transient R aw is displayed against the lung volume changes. The transient R aw progressively increased during expiration, and it continued to increase during inspiration. The value at each end of the respiratory cycle, i.e., at endinspiration and end-expiration, was not reliable because in these phase transitions, P alv was divided by zero flow.
For a further analysis of the changes in transient R aw in the respiratory cycle, the slopes of R aw at the midpoint of the tidal volume were determined and are shown in Fig. 5 . The mean slope during inspiration was 1.8 ± 0.4 Pa·s·ml -2 , and during expiration it was 0.8 ± 0.2 Pa·s·ml -2 . These values were not significantly different according to the paired t-test (p < 0.05).
Effects of methacholine inhalation on R aw
After the inhalation of methacholine, the P box -loop tended to be elliptical, even when T box was matched to T rat . For this reason, we measured R aw only at FRC in this experiment. Figure 6 shows the R aw at different concentrations of Mch. The R aw was found to increase proportionally with increases in the Mch concentration. The R aw at a concentration of 8 mg·ml -1 Mch was twice that observed with the saline inhalation.
DISCUSSION
Bodyplethysmograph
Although many types of BPG have been used for animal studies [10, 11, [15] [16] [17] , only those invented by Dubois et al. [13] or those modified by Mead et al. [18] are used in clinical practice. This type of BPG measures both thoracic gas volume and R aw with high precision [9] . When BPG is applied to infants, who usually do not follow the direction of panting, a heated rebreathing bag is used to obtain the BTPS of inspired gas [19] . However, this method is technically not applicable to small animals because a bag suitable for use with them must be extremely small and compliant. Moreover, a tiny controlled heater should be fixed in the bag. In the preliminary study [14] and the present study, we controlled the gas in a plethysmographic chamber at BTPS instead of using a rebreathing bag.
Recent electronic technology, such as semiconductor thermal elements and an ultrasonic nebulizer, realized a rapid conditioning of the inner environment of BPG. If not, the experimental animals might suffer heat stroke or acute hypercapnia. Especially the peltier elements, which acted as either heating or cooling devices by changing electric polarity, provided a fine adjustment of box temperature.
Here we should briefly mention another technique to avoid a panting maneuver in which R aw values were corrected from the temperature and humidity of actual airway passage gas [20, 21] . This alternative method is not practical in small-animal studies because the real-time detection of humidity and temperature of respiratory gases in small animals is not possible.
FRC measurement
The in vivo measurements of the absolute lung volumes of small animals using other than BPG has been reported only by King [22] , who measured FRC in the rat with the nitrogen dilution technique. Although the estimated FRC was correct, extreme care was required in oxygen supply to the rebreathing chamber, and in his study the initial nitrogen concentration in the lung was assumed to be 80%. No literature could later be found that used his technique. Therefore BPG is now recognized as a standard method to determine the absolute lung volume of live small animals. Several studies have measured the FRC with a BPG system and have paid close attention to stabilizing the temperature of the boxed gas. It is important that in our newly designed BPG, the temperature in the box is actively controlled, thereby rendering it unnecessary to consider changes in temperature. There has been great variation in the reported FRC values, which have ranged from 2.08 to 5.8 ml [10, 12, 15, [23] [24] [25] . Our FRC was within the range of those observed in these reports. The FRC normalized by the animal's body weight in our study was 0.018 m·g -1 , which was also in the range of previous studies, i.e., from 0.008 to 0.019 ml·g -1 .
R aw measurement
In laboratory studies, an unrestrained plethysmograph and forced oscillation have been used as less-invasive in vivo methods to measure the R aw of the small animal. Among the several types of unrestrained plethysmographies that invented by Hammelmann et al. [17] is widely used to assess R aw . This type of unrestrained plethysmography measures neither thoracic gas volume nor alveolar pressure. Concerning studies with unrestrained plethysmography, the quantity of enhanced pause is being widely used as a parameter representing bronchial responsiveness. However, recent studies [16, 26] suggest that the usefulness of enhanced pause in the assessment of lung function is severely limited. Forced oscillation is another technique to measure R aw noninvasively and is also widely used in animal experiments. In this method, R aw is calculated from the respiratory impedance at a resonant frequency. Accordingly, the calculated R aw is strongly influenced by lung volume changes [27] .
The normal value of R aw in rat has been reported in at least three studies [12, 28, 29] . In two of them, the oscilla-V · tion method was used, and in one a special body plethysmograph consisting of two large chambers and a heating bath was used. Our result was apparently larger than those measured by forced oscillation study, i.e., 0.026 [28] and 0.068 cmH 2 O/ml/s [29] , respectively. On the other hand, the R aw measured in our study was smaller than that measured with a special body plethysmograph, i.e., 0.43 ± 0.26 (SD) cmH 2 O/ml/s [12] .
We measured the changes in R aw after Mch inhalation. At FRC it was found to increase with increases in the Mch concentration; moreover, the R aw value was approximately twofold that of the control value after the inhalation of 8.0 mg/ml Mch. This finding was compatible with a previously reported result measured by using the forced oscillation method [30] .
Dynamic changes of R aw
As described above, BPG has an enormous advantage because the system measures both thoracic lung volume and R aw with the same device. Our BPG method had another advantage: it enabled the determination of dynamic changes in R aw throughout the respiratory cycle. This is derived from an exemption from the panting maneuver. However, we should keep in mind that the estimated dynamic R aw includes some errors, as shown in the appendix. The maximum error of the estimated value may be 5%-6% (see APPENDIX).
Since the airway of the rat is very thin, we expected that it could be widened during inspiration and narrowed during expiration. Contrary to our speculation, the transient R aw continued to increase throughout inspiration and expiration. One possible explanation for this result is that the active constriction of bronchial smooth muscles during inspiration [31] simultaneously squeezed the bronchi. Another explanation could be the incomplete equalization of inspiratory and expiratory gas temperatures; even if the T box were identical to T rat , the inspired gas would be further warmed by metabolic heat generation.
Disadvantages of the present BPG
The heat and temperature adjustment has removed many disadvantages in BPG study on small animals. However, some problems remain. For example, R aw measured by BPG must be influenced by respiratory frequency because respiratory motion inevitably generates inertia of the respiratory system and gases in the airway. Theoretically, BPG measurement is not influenced by the inertial component of chest wall motions because BPG detects not airflow, but chest wall motions through changes in box pressure. However, some components other than chest wall motions, i.e., inertial components of airway gases, pulmonary blood, and lung tissue, may have some effects on BPG analyses. For example, the uneven distribution of airway gases deforms vs. P alv relationships, and this is physiologically assessed as dynamic compliance of the lung. Considering such inertial components and some errors of estimation for measuring dynamic R aw , our system still requires further studies to attain more precision.
Another problem is that currently available semiconductors for the heat exchanger are unsatisfactory. Two-or threefold powerful elements are desirable to rapidly equalize the temperature of circulating water to a rat's body temperature. Although BPG is much less invasive compared to the FRC measurement method, such as water displacement [32, 33] , the present methods remain far from physiological conditions because the rats were intubated and anesthetized.
In conclusion, the humidity-and temperature-corrected BPG approach described here provided an absolute and possibly dynamic value of R aw . This BPG system is therefore a sensitive method that can be used to determine bronchoconstriction in the rat.
APPENDIX
When the rat in the BPG is freely breathing and the rat's thoracic gas volume slightly changes from a certain volume (V 1rat ) by ∆V 1 , then
where P 1box and ∆P 1 represent the alveolar pressure and its change from V 1rat . If V 1rat is FRC, then P 1box is current atmospheric pressure. This equation can be rearranged as
Since ∆P 1 × ∆V 1 is considerably smaller than the other terms, changes of alveolar pressure (∆P 1 ), which acts as a driving pressure of respiration, can be calculated by the following equation:
With the progression of respiration, thoracic gas volume changes from V 1rat to V 2rat , and the following equation is then true.
where P 2box and ∆P 2 represent the alveolar pressure and its change, respectively. The changes of alveolar pressure (∆P 2 ), i.e., the driving pressure of respiration, can be calculated by the following equation.
If P 2box and V 2rat at any levels of the thoracic volume are known, the changes of respiratory driving pressure, i.e., ∆P 2 , of all the respiratory cycle can be calculated.
In this study we assumed that P 2box was always an atmospheric pressure at FRC. Since the difference between them becomes largest at the end of inspiration, the maxi- Therefore the maximum error of P 2box is calculated by substituting approximate values in each term (atmospheric pressure ≈1013 × 10 2 Pa, capacity of BPG = 1,950 ml, rat's volume ≈300 ml and tidal volume ≈2.5 ml). The calculated error is 153.71 Pa or 0.15% of atmospheric pressure.
In this study, V 2rat was obtained by subtracting V 1rat with inspired or expired gas volume. This value (i.e., V 2rat ) also includes some error, which comes from the compression of intrathoracic gas. This compression provides an alveolar pressure that acts as driving pressures of respiration. This means that the error of approximation of V 2rat becomes maximum at the highest rate of respiratory flow. The error is then calculated as maximum error of current lung volume ≈ lung volume at the highest rate of respiratory flow × maximum driving pressure/atmospheric pressure Assuming the highest rate of respiratory flow as 40 ml/ s and the airway resistance as 22.5 Pa·s·ml -1 , the calculated maximum driving pressure is 900 Pa. Lung volume at the highest rate of respiratory flow may be ~7.0 ml because the mean FRC was 5.37 ml and tidal volume was 2.5 ml. Therefore the maximum error of current lung volume calculation is ~0.062 ml, or 1.2% of FRC.
The respiratory compression of intrathoracic gas may change gas volume in the BPG, and it may shift box pressure. For this reason, the driving pressure of respiration should be ∆P 2 subtracted by the shift of box pressure. The maximum shift of box pressure is calculated as atmospheric pressure at FRC × 0.062 ml/(capacity of BPG -rat's volume)
The value calculated by substituting approximate values in each term (atmospheric pressure ≈ 1,013 × 10 2 Pa, capacity of BPG = 1,950 ml, rat's volume ≈ 300 ml) is 38.1 Pa, or 4.2% of the driving pressure.
